Iridium ions near 4f -5s level crossings are the leading candidates for a new type of atomic clocks with a high projected accuracy and a very high sensitivity to the temporal variation of the fine structure constant α. To identify spectra of these ions in experiment accurate calculations of the spectra and electromagnetic transition probabilities should be performed. Properties of the 4f -coreexcited states in Ir 16+ , Ir 17+ , and Ir 18+ ions are evaluated using relativistic many-body perturbation theory and Hartree-Fock-Relativistic method (COWAN code). We evaluate excitation energies, wavelengths, oscillator strengths, and transition rates. Our large-scale calculations includes the following set of configurations: 4f
Iridium ions near 4f -5s level crossings are the leading candidates for a new type of atomic clocks with a high projected accuracy and a very high sensitivity to the temporal variation of the fine structure constant α. To identify spectra of these ions in experiment accurate calculations of the spectra and electromagnetic transition probabilities should be performed. Properties of the 4f -coreexcited states in Ir 16+ , Ir 17+ , and Ir 18+ ions are evaluated using relativistic many-body perturbation theory and Hartree-Fock-Relativistic method (COWAN code). We evaluate excitation energies, wavelengths, oscillator strengths, and transition rates. Our large-scale calculations includes the following set of configurations: 4f
14−k 5s m 5p n with (k + m + n) equal to 3, 2, and 1 for the Ir 16+ , Ir 17+ , and Ir 18+ ions, respectively. The 5s − 5p transitions are illustrated by the synthetic spectra in the 180 -200Å range. Large contributions of magnetic-dipole transitions to lifetimes of low-lying states in the region below 2.5 Ry are demonstrated. 
I. INTRODUCTION
Selected transitions involving electron holes, i.e. vacancies in otherwise filled shells of atomic systems in highly-charged ions were shown to have frequencies within the range of optical atomic clocks, have small systematic errors in the frequency measurements and be highly sensitive to the temporal variation of the fine structure constant α [1] . Sympathetic cooling of highlycharged ions has been demonstrated in [2] . This work is motivated by these applications of highlycharged ions and recent experimental work including identification of M1 transitions in Ir 17+ spectra [2] [3] [4] . In 2015, identification of the predicted 5s − 4f level crossing optical transitions was presented by Windbergeret al. [3] . The spectra of Nd-like W, Re, Os, Ir, and Pt ions of particular interest for tests of fine-structure constant variation were explored [3] . The authors exploited characteristic energy scalings to identify the strongest lines, confirmed the predicted 5s−4f level crossing, and benchmarked advanced calculations.
In the present work, we have employed HartreeFock-Relativistic method (COWAN code) and relativistic many-body perturbation theory (RMBPT) to study Ir 16+ , Ir 17+ , and Ir 18+ ions. Excitation energies, wavelengths, transition rates, energies of the lower and upper level, lifetimes, and branching ratios from M1 and E1 transitions in Nd-, Pm-, and Pr-like Ir ions are evaluated. We have used our results to construct synthetic spectra for all three ions. Our goal was to also to investigate the general structure and level distributions in these ions. For example, we find that in the case of Ir 18+ ion, the energies of the 4f 13 , 4f 12 5s, and 4f 11 5s 2 configurations are within a relatively small interval below 274768 cm −1 . The first level with 5p electron, 4f 12 5p ( 3 H) 4 G 11/2 , lies substantially higher, at 387658 cm −1 which significantly affects the lifetimes of the lower states.
We also employed RMBPT method for simpler oneparticle, 4f 14 nl, and particle-hole configurations of Ir ions to compare with HFR results. The values for low-lying levels are presented in the paper, much more extensive set of results is given in the Supplemental Material [5] .
II. LEVEL CROSSINGS AND 4f ELECTRONS IN HIGHLY-CHARGE IONS
Detailed investigation of level crossings relevant to the design of optical atomic clocks with highly-charged ions and search for α-variation has been carried out in [6] . Ir ions have been considered in [1] . Below, we discuss level crossings in ions similar to the ones studies in this work.
Correlation and relativistic effects for the 4f − nl and 5p − nl multipole transitions in Er-like tungsten were investigated in Ref. [7] . Wavelengths, transition rates, and line strengths were calculated for the multipole (E1, M1 2 ) using the relativistic many-body perturbation theory, including the Breit interaction.
The binding energies of the 4f , 5p, and 5s orbitals in Er-like ions [7] calculated in Dirac-Fock approximation as function of nuclear charge Z are plotted in Fig. 1 . For better presentation, we scaled the energies with a factor of (Z −55) 2 . We find that the 4f orbitals are more tightly bound than the 5p and 5s orbitals at low stages of ionization, while the 5p and 5s orbitals are more tightly bound than the 4f orbitals for highly ionized cases. This leads to crossing of 4f and 5s and 5p levels for some Z leading to interesting cases of optical or near-optical transitions in selected highly-charged ions. Large cancellation in binding energy values near the crossing (near Z = 74 in the example of Fig. 1 ) make accurate calculations of transition energies and line strengths very difficult [7] .
In Ref. [9] . Contributions of the 4f -core-excited states in determination of atomic properties in the promethium isoelectronic sequence with Z = 74 − 92 were discussed in Ref. [10] . Excitation energies, transition rates, and life- 
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188.5680 5.3585 1.005 [12] times in Pm-like tungsten were evaluated for a large number of states. In Table I , we list the limited number of excitation energies in three iridium ions of interest. The energies are given in 1000 cm −1 . The superscipts a and b in this and following tables are seniority numbers used to distinguish levels that have the same electronic configurations, intermediate and final terms. We note that the energy differences between the doublet 4f 13 5s 2 2 F J levels and the 4f 14 5s 2 S 1/2 levels in Pm-like Ir 16+ are very small, and the excitation energy of the 4f 14 5p 2 P 1/2 is larger than the excitation energy of the 4f 14 5s 2 S 1/2 by a factor of 12. All other levels listed in the third column of Table I 
IV. WAVELENGTHS, OSCILLATOR STRENGTHS, AND TRANSITION RATES
In Table II Fig. 2 includes the spectral region 140Å -360Å . In the right panel of Fig. 2 , we limit this region to 180Å -230Å by neglecting the part of spectra with small intensity with the A r value less than 10 in units of 10 10 s −1 . The similar procedure was used for the other synthetic spectra.
Comparison of spectra at the right panels of of Figs. 2, 3, and 4 shows the similarities including the main peak, some strong lines separate from the main peak and the second wide peak of small intensity. All strong lines are listed in Table II and Supplemental Material [5] .
We note that present synthetic spectra do not take into account the population of states, and are meant to illustrate the distribution on the strongest lines. In typical EBIT conditions many of the states are barely populated, making the spectra significantly less dense [11, 12] .
VI. MULTIPOLE TRANSITIONS, BRANCHING RATIOS, AND LIFETIMES
Wavelengths, transition rates, energies of the lower and upper level, lifetimes, and branching ratios from M1 and E1 transitions in Nd-, Pm-, and Pr-like Ir ions are presented in Table III . In order to determine the lifetimes listed in the last columns of Table III, we sum over all possible radiative transitions. The value of branching ratios for the particular transition is determined as a ra- tio of the respective A r values and the sum of all possible radiative transition rates that are used to determine the lifetimes. The number of contributing transitions increases significantly for higher levels. To save space, we only included the transitions that give the largest contributions to the lifetimes, and list additional transitions in the Supplemental Material [5] . We use atomic units (a.u.) to express all transition matrix elements throughout this section: the numerical values of the elementary charge, e, the reduced Planck constant,h = h/2π, and the electron mass, m e , are set equal to 1. The atomic unit for electric-dipole matrix element is ea 0 , where a 0 is the Bohr radius.
The E1 and M1 transition probabilities A r (s −1 ) are obtained in terms of line strengths S (a.u.) and wave- lengths λ (Å) as
The line strengths S(E1) and S(M 1) are obtained as squares of the corresponding E1 and M1 matrix elements.
In Table III , we include results for 8 selected electricdipole and magnetic-mulipole transitions that are the most important for the evaluation of the corresponding lifetimes in Pm-like Ir 16+ ion. Results for 48 transitions contributing to the lifetimes of 32 lowest levels are listed in the Supplemental Material [5] . Transitions with small branching ratios are omitted from the table.
The second excited state, 4f 14 5s 2 S 1/2 , is metastable with extremely long lifetime since the strongest possible decay channels are electric-octupole (E3) transition to the ground state, which is in optical range, and magneticquadrupole (M2) transition for the first excited level, 4f 13 5s 2 2 F 5/2 . These transitions are too weak to be estimated with the COWAN code, so we described such cases in text but omit from the Table III Table III are strong allowed 5s − 5p transitions, a number of E1 transitions are very weak since these are forbidden transitions with non-zero amplitude due to configuration mixing. For example, the A r value of the 4f 13 5s 2 2 F 7/2 -4f 13 5s5p 4 G 9/2 transition is lager by nine orders of magnitude than 4f
In the first case, we have one-electron E1-allowed 5s − 5p transition, while the second case is a strongly forbidden 4f − 5s transition. The non-zero value of the 4f 13 5s5p 4 D 7/2 -4f 12 5s 2 5p 4 D 7/2 matrix element is due to mixing configurations.
In Table III , we include results for 10 selected electricdipole and magnetic-mulipole transitions that are the most important for the evaluation of the corresponding Ir 17+ lifetimes. Results for 33 transitions contributing to the lifetimes of 13 lowest levels are listed in the Supplemental Material [5] . We also evaluated electricquadrupole transitions, however, their contributions to lifetimes of levels given in Table III Table III .
VII. COMPARISONS, UNCERTAINTY ESTIMATES, AND CONCLUSION
In Table IV , we compare energies in Nd-like Ir 17+ ion calculated using the COWAN and RMBPT codes. Details of the RMBPT code for the hole-particle systems were presented by Safronova et. al. [13] . We use a complete set of Dirac-Fock (DF) wave functions on a nonlinear grid generated using B-splines [14] constrained to a spherical cavity. The basis set consists of 50 splines of order 9 for each value of the relativistic angular quantum number κ. The starting point for the RMBPT code is the frozen core DF approximation. We use secondorder RMBPT to determine energies of the 4f 13 5s states relatively to the 4f 14 state in Nd-like Ir 17+ ion. The jj designation (4f 7/2 5s 1/2 for example) listed in Table IV means that we consider the system with 4f 7/2 hole in 4f
14 core and the 5s 1/2 particle. The LS designation are given in columns "1" and "2" of Table IV . The results with the same configuration and J are compared. The difference of RMBPT and COWAN data given in the last column of Table IV is less than 1% for most levels. The difference exceeds 3% only for 4f 14 level. This is the only level in the table that has a different number of 4f electrons in comparison with the ground state. The correlation correction is very large for the 4f state leading to this difference. For example, the calculation of the 4f 7/2 5s 1/2 J = 4 ground state energy gives 5447 cm −1 in lowest order DF approximation, while the second order Table V , we compare wavelengths, weighted oscillator strengths, and weighted transition rates for the 4f 14 5s−4f 14 5p transitions in Pm-like Ir 16+ evaluated using the first-order RMBPT1, second-order RMBPT2 [13] , and the COWAN codes. COWAN code energy values are in somewhat better agreement with the first-order RMBPT results. The difference of RMBPT and COWAN code energies and wavelength is small, 0.18 % -1.5 %, for wavelengths and energies of the 4f 14 5s − 4f 14 5p. The differences are larger, 7 % -27 %, for the oscillator strength and transition rates. We find large effects of the second order corrections for these properties leading to larger differences in the results. In summary, the second-order correlation corrections are very important for accurate determination of the oscillator strengths and transition rates.
Energies (in cm −1 ) in Nd-like Ir 17+ ion relative to the 4f 13 5s 3 F 4 ground state obtained by the COWAN code are compared with results from Ref. [1] and [3] in Table VI. Results in [1] were obtained using configurationinteraction (CI) approach. Results in [3] were obtained using multireference Fock space coupled cluster (FSCC) method and configuration-interaction-DiracFock-Sturmian (CIDFS) method. COWAN results were also presented in [3] . The largest difference (12%) between the COWAN and CI [1] results is for the first excited state. For other levels, the difference is about 3-4%. The largest difference (94%) between results in Ref. [3] , evaluated by FSCC and CIDFS methods are for the 4f 14 1 S 0 level. For other levels, the difference is about 5-9%.
Comparison of the present results with theoretical [1, 3] and experimental [3] transition energies (in cm −1 ) for M1 transitions in Nd-like Ir 17+ ion are given in Table VII . In [3] , improved accuracy measurements were performed for the Ir 17+ transitions by repeating a calibrationmeasurement-calibration cycle five times at one grating position. Each cycle takes 15-30 min. The transition energy was determined by averaging the line centroids in typically 30 of such acquired spectra. Results are given for the M1 transitions between the states of the 4f 13 5s and 4f
12 5s 2 configurations. The differences between the experimental results and theoretical values obtained by the COWAN code, CI [1] , FSCC and CIDFS [3] are given in percent. The largest difference between the experimental values [3] and the COWAN code results is 6%, while the difference is twice as large for CI values [1] . The differences between the FSCC [3] and CIDFS [3] results and experiment [3] are 0-2% and 0-5%, respectively.
In summary, we carried out a systematic study of excitation energies, wavelengths, oscillator strengths, and transition rates in Ir 16+ , Ir 17+ , and Ir 18+ ions. Synthetic spectra are constructed for all three ions, with the strongest line regions presented in more detailed on a separate panel. Metastable states and importance of the M1 transitions for the determination of the lifetimes are discussed. Comparison of the energy values with other theoretical predictions is given. Transition wavelengths are compared with the experiment [3] and other theory. We did not find any other theoretical results of oscillator strength and transitions rates in the ions considered in the present study. We believe that our predictions will be useful for planning and analyzing future experiments with highly-charged ions.
